13 C NMR, IR, UV−vis), and ESI mass spectrometry, while four complexes were investigated by X-ray diffraction. The complexes have been tested for antiproliferative activity in vitro in A549 (non-small cell lung), SW480 (colon), and CH1 (ovarian) human cancer cell lines and showed IC 50 values between 1.3 and >80 μM. The effects of Ru vs Os and modifications of the lactam unit on intermolecular interactions, antiproliferative activity, and cell cycle are reported. One ruthenium complex and its osmium analogue have been studied for anticancer activity in vivo applied both intraperitoneally and orally against the murine colon carcinoma model CT-26. Interestingly, the osmium(II) complex displayed significant growth-inhibitory activity in contrast to its ruthenium counterpart, providing stimuli for further investigation of this class of compounds as potential antitumor drugs.
■ INTRODUCTION
Metal complexes with biologically active ligands have attracted some interest from researchers over the last few years. By complexation of these ligands to metal ions, physical and biological properties such as solubility, bioavailability, modes of action, and biological activity in vitro could be altered significantly. Biologically active complexes with at least one metal−carbon bond are the main subject of bioorganometallic chemistry and exhibit a variety of biological functions and effects, making them suitable for application as antimicrobial agents and anticancer drugs.
1−4 Well-known examples of such anticancer drug candidates are ferrocene-based organometallics, 5 i.e. the ferrocifens, 6, 7 which were inspired by the clinically used drug tamoxifen and its active metabolite hydroxytamoxifen. 8, 9 In the field of antimicrobial agents, metallorganic complexes of chloroquine and related complexes have been reported, 10−12 with the ferrocene-based antimalarial drug candidate ferroquine reaching the clinical phase of development. 13, 14 Other anticancer drug candidates are ruthenium complexes with the naturally occurring kinase inhibitor staurosporine. 15, 16 Paullones, systematically named indolo[3,2-d]benzazepines (Chart 1), also are biologically active compounds able to coordinate to metal ions.
The paullone backbone was initially identified as a putative cdk inhibitor in a COMPARE search (on the basis of similarities in cytotoxic profiles in 60 cancer cell lines at the U.S. National Cancer Institute), 17, 18 and a broad range of paullones were tested for their biological and cdk inhibitory activity. Experimental evidence indicates that these compounds are indeed moderate cdk inhibitors, although other intracellular targets, e.g. the mitochondrial malate dehydrogenase (mMDH) and glycogen synthase kinase 3β (GSK3β), have been identified as well. 19−25 Alsterpaullone, the 9-nitro derivative, was found to be the most potent cdk inhibitor. 26 One of the limitations encountered in the development of this class of compounds as antitumor drugs is their low aqueous solubility and bioavailability. One way to overcome these restrictions is complexation to metal ions. As the paullone backbone itself does not offer a binding site able to accommodate a metal ion, chelating moieties had to be attached at the ligand backbone. A small library of paullones able to coordinate particular metal ions has been designed and synthesized, and complexes with Ga(III), 27, 28 Cu(II), Ru(II), and Os(II) were reported previously. 29−32 It turned out that the biological activity does not necessarily parallel the cdk inhibition profile, suggesting that other intracellular targets might be involved. 33 Whereas the lactam moiety is a prerequisite for cdk inhibition of the metalfree paullones, 19 antiproliferative activity of the complexes with paullones modified at the lactam moiety was found to be higher than that of the metal-based paullones with an intact lactam moiety. 30 Recently, also paullones with a TEMPO free-radical unit were coordinated to ruthenium− and osmium−arene scaffolds. 34 The search for novel structure−activity relationships and attempts to replace the seven-membered azepine ring of the paullones by a six-membered ring resulted in a new class of biologically active ligands, namely indolo[3,2-c]quinolines (Chart 1). The use of indoloquinoline-containing extracts has a long tradition in the cure of various diseases in Africa. Analyses of extracts of the West African climbing shrub Cryptolepsis sanguinolenta revealed that it contains indolo[3,2-b]quinoline-based alkaloids and, to a lesser extent, also indolo[3,2-c]quinolines. 35 The indoloquinoline backbone is a conjugated heteroaromatic system, whereas the azepine ring of the paullones is folded. The planarity of the ligands has a strong influence on the properties of the compounds. Indoloquinolines are, for example, better DNA intercalators and show a different activity profile toward biological targets. Metal-free indoloquinolines were shown to inhibit the cell cycle in vitro either in the S phase or in the G2/M phases, depending on the cell type. 36−39 Moreover, ruthenium−arene-and osmium− arene-based indoloquinolines with a chelating ethylenediamine moiety are about one order of magnitude more cytotoxic in vitro than their paullone counterparts and cause severe concentration-dependent cell cycle perturbations. 40 Some complexes are prone to dissociation with liberation of the indoloquinoline ligand. This is in sharp contrast to the corresponding metal-based paullones, which are resistant to hydrolysis.
40 Surprisingly, substitution of ruthenium by osmium did not lead to significantly higher stability as often reported in the literature. 41, 42 By introducing sp 2 -hybridized nitrogen donor atoms of an iminopyridine instead of the sp 3 -hybridized diamines, the stability of the complexes has been improved markedly, with no signs of release of the indoloquinoline ligand. In vitro, cytotoxicity was in some cases higher than that of ethane-1,2-diamine-based complexes. 43, 44 Herein, we report on the synthesis of six new complexes 1a,b−3a,b with indoloquinoline-based ligands (Scheme 1, Chart 2).
The complexes have a coordination environment similar to that of other complexes reported recently, 43, 44 but the binding moiety was attached at position 2 of the indoloquinoline backbone. This modification enabled for the first time an assay of antiproliferative activity of metal-based indoloquinolines with a free lactam moiety (1a,b). All complexes were characterized by 1D and 2D NMR spectroscopy, ESI mass spectrometry, and IR and UV−vis spectroscopy, while complexes 1a,b, 2a, and 3a were also studied by single-crystal X-ray diffraction. The in vitro cytotoxic activity in three human cancer cell lines, namely CH1 C shifts are quoted relative to the solvent residual signals. The atom-numbering scheme used for NMR assignments is depicted in Chart S1 (Supporting Information). IR spectra were measured on a Bruker Vertex 70 FT-IR spectrometer by means of the attenuated total reflection (ATR) technique, and UV−vis spectra were recorded with a Perkin-Elmer Lambda 650 spectrophotometer equipped with a six-cell changer and a Peltier element for temperature control or with an Agilent 8453 spectrophotometer. All UV−vis experiments were performed at 25°C. Electrospray ionization mass spectrometry (ESI-MS) was carried out with a Bruker Esquire 3000 instrument; the samples were dissolved in methanol. Elemental analyses were performed at the Microanalytical Laboratory of the University of Vienna with a Perkin-Elmer 2400 CHN elemental analyzer.
Synthesis of the Organic Compounds. Ethanol was dried using standard procedures. 2-Aminobenzylamine, phosphorus oxychloride, hydrazine hydrate, and iron powder were purchased from SigmaAldrich, while 5-nitroisatin and 2-pyridinecarboxaldehyde were obtained from Acros. All these chemicals were used without further purification. 2-Nitro-5,11-dihydroindolo[3,2-c]quinolin-6-one and 6-chloro-2-nitro-11H-indolo[3,2-c]quinoline were synthesized as published elsewhere. 43 2-Amino-6-chloro-11H-indolo[3,2-c]quinoline was synthesized by following the procedure reported by Gamble et al. 45 An ELMA Transsonic T 460/H ultrasound bath was used for acceleration of the reaction.
2-Amino-6-chloro-11H-indolo[3,2-c]quinoline. 6-Chloro-2-nitro-11H-indolo[3,2-c]quinoline (1.02 g, 3.43 mmol) and iron powder (0.95 mg, 16.93 mmol) in a mixture of acetic acid (13 mL), ethanol (13 mL), and water (6.5 mL) were sonicated at 35°C for 3 h and then filtered to separate the unreacted iron, and the solvent was removed under reduced pressure. The solid was extracted with ethyl acetate (600 mL) and was washed with a 2 M solution of NaOH. The combined organic phases were washed with brine, dried over Na 2 SO 4 , and filtered, and the solvent was removed under reduced pressure. ), 107.6 (C q , C 6a ), ) ppm. Crystallographic Structure Determination. X-ray diffraction measurements were performed on a Bruker X8 APEXII CCD diffractometer. Single crystals were positioned at 35, 35, 40, and 35 mm from the detector, and 623, 883, 606, and 1932 frames were measured, each for 30, 80, 30, and 40 s over 1°scan width for 1a,1b, 2a, and 3a, respectively. The data were processed using SAINT software. 46 Crystal data, data collection parameters, and structure refinement details are given in Table S1 (Supporting Information). The structures were solved by direct methods and refined by fullmatrix least-squares techniques. Non-H atoms were refined with anisotropic displacement parameters. H atoms were inserted in calculated positions and refined with a riding model. The arene ligand in 2a·C 2 H 5 OH·H 2 O was found to be disordered over two positions with sof 0.53:0.43. The following software programs and computer were used: structure solution and refinement, SHELXS-97 and SHELXL-97; 47 molecular diagrams, ORTEP-3; 48 computer, Intel CoreDuo.
Cell Lines and Cell Culture Conditions. For cytotoxicity determination, three cell lines were used: A549, a human non-small cell lung cancer cell line, and SW480, a human colon carcinoma cell line (both purchased from American Type Culture Collection), as well as CH1, a human ovarian carcinoma cell line (kindly provided by Lloyd R. Kelland, CRC Centre for Cancer Therapeutics, Institute of Cancer Research, Sutton, U.K.). Cells were grown as adherent monolayer cultures in 75 cm 2 culture flasks (Iwaki/Asahi Technoglass) in complete culture medium: i.e., Minimal Essential Medium supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 1% v/v nonessential amino acids (from 100× readyto-use stock) and 4 mM L-glutamine but without antibiotics at 37°C under a moist atmosphere containing 5% CO 2 and 95% air. For in vivo experiments, the murine colon cancer cell model CT-26 (purchased from American Type Culture Collection, Manassas, VA) was used. Cells were grown in DMEM/F12 supplemented with 10% FCS. All cell culture media and reagents were purchased from Sigma-Aldrich Austria.
Cytotoxicity Assay. Cytotoxicity was determined by the colorimetric MTT assay (MTT = 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) as described previously. 49 Briefly, cells were harvested by trypsinization and seeded into 96-well plates in volumes of 100 μL/well. Depending on the cell line, different cell densities were used to ensure exponential growth of the untreated controls during the experiment: 1.0 × 10 3 (CH1), 2.0 × 10 3 (SW480), 3.0 × 10 3 (A549). In the first 24 h, the cells were allowed to settle and resume exponential growth. Then the test compounds were dissolved in DMSO, serially diluted in complete culture medium, and added to the plates in volumes of 100 μL/well such that the DMSO content did not exceed 1% v/v. Due to the limited solubility of some compounds, the medium in the wells used for the highest concentrations was removed and 200 μL/well of the substance dilution was added. After continuous exposure for 96 h (in the incubator at 37°C and under 5% CO 2 ), the medium was replaced by 100 μL/well RPMI 1640 medium (supplemented with 10% heat-inactivated fetal bovine serum and 4 mM L-glutamine) and 20 μL/well MTT solution (MTT reagent in phosphate-buffered saline, 5 mg/mL), and plates were incubated for a further 4 h. Then the medium/MTT mixture was removed, and the formazan that formed was dissolved in DMSO (150 μL/well). Optical densities at 550 nm were measured (reference wavelength 690 nm) with a microplate reader (Tecan Spectra Classic). The quantity of viable cells was expressed as a percentage of untreated controls, and 50% inhibitory concentrations (IC 50 ) were calculated from concentration-effect curves by interpolation. Every test was repeated in at least three independent experiments, each consisting of three replicates per concentration level.
Cell Cycle Studies. For this assay, CH1 cells were harvested by trypsinization and 8 × 10 4 cells in 1.5 mL/well were seeded into 12-well plates. In the first 24 h, the cells were allowed to settle and resume exponential growth. Thereafter, stocks of the test compounds in DMSO were diluted in complete culture medium and 1.5 mL/well was added to the plate such that the DMSO content did not exceed 0.5% v/v. For concentrations ≥50 μM, the medium was removed from the wells before the dissolved complexes were added. After continuous exposure for 24 h (in the incubator at 37°C and under 5% CO 2 ), the cells were washed with PBS and trypsinized. Trypsinization was stopped with MEM, the cells were centrifuged (300g, 3 min), and the supernatant was discarded. Then the cells were washed with PBS once more and resuspended in 600 μL PI/HSF buffer (0.1% v/v Triton X-100, 0.1% w/v sodium citrate, in PBS) containing 50 μg/mL propidium iodide (PI). After incubation overnight at 4°C in the dark, 5 × 10 3 cells were measured by flow cytometry with a Millipore guava easyCyte 8HT instrument. Data were evaluated by FlowJo software (Tree Star) using Dean Jett Fox algorithms.
Cellular Accumulation. Studies on cellular accumulation were performed according to the method described previously. 50 Briefly, SW480 cells were seeded in 6-well plates in densities of 3 × 10 5 cells per well in aliquots of 2.5 mL complete culture medium. Samples and corresponding adsorption/desorption controls were located on the same plate. For determination of the cell number, three wells of a separate plate were seeded in the same manner. Plates were kept at 37°C for 24 h. After removal of the medium used for settlement of the cells, 2.5 mL of the solution containing the test compounds (from DMSO stocks diluted with complete culture medium, yielding a final DMSO concentration below 0.5% v/v) was added to the wells. During exposure (2 h at 37°C), the cell number in three wells was determined by counting in a hemocytometer upon trypsinization. After exposure, the medium was removed, cells were washed three times with PBS and lysed with 0.5 mL sub-boiled HNO 3 per well for 1 h at room temperature, and Ru was quantified by ICP-MS in aliquots of 400 μL diluted to a total volume of 8 mL and internally standardized with indium (0.5 ppb). The amount of adsorbed/desorbed ruthenium was subtracted from the corresponding uptake sample, and the resulting cell-associated amount was divided by the average cell number. Results are based on at least four independent experiments, each consisting of triplicates.
Metal concentrations were determined by an ICP-MS instrument (Agilent 7500ce, Waldbronn, Germany), equipped with a CETAC ASX-520 autosampler and a MicroMist nebulizer, at a sample uptake rate of approximately 0.25 mL/min. Indium and ruthenium standards were obtained from CPI International (Amsterdam, The Netherlands). Standards were freshly prepared for each analysis in matrices matching the sample matrix with regard to internal standard and concentration of the acid. Nitric acid (p.a.) was purchased from Fluka (Buchs, Switzerland) and further purified in a quartz sub-boiling point distillation unit. All samples and dilutions were prepared with Milli-Q water (18.2 MΩ cm). In order to monitor plasma stability and allow manual linear drift correction, a ruthenium standard (approximately 1 ppb) was measured every 12−18 samples. At the end of the sequence, the precision of the measurement was checked by rerunning approximately 5% of randomly selected samples covering the whole measurement time. The accuracy was checked by rerunning samples, whose concentrations were determined independently during a previous sequence. Data analysis is based on the isotopes 115 In, 101 Ru, and 102 Ru. Animals. Six-to eight-week-old female Balb/c mice were purchased from Harlan Laboratories (San Pietro al Natisone, Italy). The animals were kept in a pathogen-free environment, and every procedure was done in a laminar airflow cabinet. Experiments were carried out according to the Austrian and FELASA guidelines for animal care and protection.
In Vivo Experiments. CT-26 cells (10 6 cells in serum-free DMEM medium) were injected subcutaneously into the right flank. Therapy was started when tumor nodules were palpable. Animals were treated with 2a (25.9 mg/kg i.p. and 51.7 mg/kg p.o. dissolved in 10% DMSO before administration) and 2b (30 mg/kg i.p. and 60 mg/kg p.o dissolved in 10% DMSO before administration), each for 5 subsequent days. Animals were controlled for distress development every day, and tumor size was assessed regularly by caliper measurement. Tumor volume was calculated using the formula (length × (width)
2 )/2.
■ RESULTS AND DISCUSSION
Synthesis and Characterization of the Compounds. 2-Nitro-5,11-dihydroindolo[3,2-c]quinolin-6-one and 6-chloro-2-nitro-11H-indolo[3,2-c]quinoline (A and C, respectively, in Scheme 1) were prepared according to the literature protocols. 51 The nitro group in C was reduced with iron powder under sonication with formation of species E, in analogy to a procedure published previously. 45 Because of its scarce solubility in common solvents, A could not be reduced by using this procedure. Reduction was therefore carried out by stirring the compound in neat hydrazine hydrate at 118°C under an argon atmosphere for 135 h with formation of B. + , as commonly noted for more labile complexes, have not been detected. The stability of the complexes in 1% DMSO/water solution was further investigated by UV−vis measurements ( Figure S1 , Supporting Information). In the case of 3a,b, no change in the absorption spectra over 24 h was observed. The complexes remained intact in aqueous media, as was also confirmed by ESI mass spectrometry. Whereas 1b and 2b showed only minor changes over 24 h, the ruthenium complexes 1a and 2a seemed to hydrolyze slowly. An isosbestic point at about 450 nm is clearly seen. The greater inertness of osmium complexes is well documented in the literature. 41, 42 The effect of MEM on the complexes was also investigated to probe their resistance to chemical environment on application in vitro. MEM consists mainly of amino acids, salts (Na + , K + , Mg 2+ , Ca 2+ ), vitamins, and glucose. It is used in cell culture experiments. With the exception of 3b, where precipitation led to decreasing absorbance, the spectra especially of the ruthenium compounds showed smaller changes in comparison to those obtained in 1% DMSO/water ( Figure S2 , Supporting Information), which may be due to the higher chloride concentration and partially suppressed hydrolysis. The stability of complexes 2a,b, which were tested in vivo, was also investigated in a solution of 1% DMSO/water at pH 3.4. The pH was adjusted by the addition of concentrated HCl to create conditions similar to those inside the stomach of mice. 52 The spectra of both complexes remained unchanged over 24 h ( Figure S3 , Supporting Information), indicating that they were stable at such a pH and, furthermore, that the hydrolysis of 2a can be suppressed by higher chloride concentrations.
Crystal Structures. The results of the X-ray diffraction studies of [( 1a,b, 2a, and 3a, respectively. This almost perfectly planar chelate ring forms a dihedral angle with the flat indoloquinoline backbone, which can be described by the torsion angles θ C1−C2−N12−C13 of 50.8(4), 50.6(8), 52.8(8), and 57.2(5)°in 1a,b, 2a, and 3a, respectively.
The lactam unit in 1a,b is involved in complex pairing through strong intermolecular hydrogen bonding, as shown in Figure 4 for 1a. The atom N5 acts as a proton donor, while O6 acts as a proton acceptor.
Such complex pairing cannot occur in 2a and 3a. Instead the presence of isolated pairs of complex cations with offset parallel arrangement stabilized by π-stacking interactions has been observed, as shown in Figure 5 . For 3a, the interplanar separation of the indoloquinoline backbones in the pairs is 3.485 Å.
Cytotoxicity in Cancer Cells. The cytotoxicity of ruthenium(II) and osmium(II) complexes was determined by an MTT assay in three human cancer cell lines, namely, A549 (non-small cell lung carcinoma), CH1 (ovarian carcinoma), and SW480 (colon adenocarcinoma), mostly yielding IC 50 values in the micromolar concentration range. The corresponding metal-free ligands could not be tested because of insufficient stability. A549 was the least sensitive cell line to all tested compounds, with IC 50 values >80 μM in the case of compounds 1a,b and 3b (a further increase of concentrations was not possible because of the low solubility of the compounds). IC 50 values in SW480 cells are up to 4 times and those in CH1 cells at least 4 up to 40 times lower than in A549 cells, as can be seen in Table 2 and Figure 6 .
Comparison of ruthenium(II) with osmium(II) complexes revealed the following relationships: ruthenium complexes (2a, 3a) are at least 1.5 and up to 4 times more potent than osmium complexes (2b, 3b) in all three cell lines, except for the pair 1a,b, of which the osmium complex is more active (Table 2, Figure 6 ). This deviation may be associated with the presence of a lactam unit in the indoloquinoline-based ligand. The ruthenium compound 1a is the least active of all tested compounds. No systematic structure−activity relationships could be observed for the presence vs absence of a chloro substituent at position 6 of the indoloquinoline. In contrast to previously reported ruthenium(II) and osmium(II) complexes with modified indoloquinoline ligands, 40, 43, 44 the expected high cytotoxicities were not found. In the case of complexes with the binding moiety attached in position 6 of the indoloquinoline backbone, 40,44 the osmium(II)-based complexes are more active than or equal to their ruthenium(II) analogues, whereas the compounds reported here are up to 5 times less cytotoxic in the case of ruthenium compounds and up to 100-fold less in the case of osmium complexes. One of the reasons may be the difference in the structure of side chain, but the different substituent pattern (coordination via position 2 of the indoloquinoline backbone) is more likely to account for this finding.
Effects on Cell Cycle Distribution. As reported previously, indoloquinolines affect cell cycle progression, 40 and a free lactam unit is known to be favorable for cdk inhibition in the case of related metal-free indolobenzazepines. 19 Due to these facts, the effects of the new ruthenium and osmium complexes on the cell cycle were studied. For this purpose, exponentially growing CH1 cells were treated for 24 h with different concentrations of the compounds, stained with propidium iodide, and the amount of DNA was analyzed by flow cytometry. As illustrated in Figure 7 , the effects of osmium complexes on the cell cycle are negligible, whereas those of their ruthenium analogues are more pronounced. The strongest effects were observed in the case of 3a, where a 20% increase of the G 2 /M phase fraction and a ∼ 25% decrease of the G 0 /G 1 phase fraction were found at a concentration of 10 μM. At the highest concentration, the G 2 /M arrest changes into an apparent S phase arrest, which might partially result from a loss of G 2 /M arrested cells due to cell death. 1a is less active than 3a; still, a ∼20% increase of the G 2 /M fraction at a concentration of 40 μM was found (Figures 7 and 8) . A positive influence of the lactam unit, which might be expected on the basis of structure−activity relationships of metal-free indolobenzazepines reported by other authors, 19 was not observed in the case of 1b, however. These results lead to the conclusion that the metal center plays an important role in the activity of the complexes on cell cycle distribution, whereas the effect of ligand variation is less pronounced. Cellular Accumulation. As CH1 cells are known to detach easily during the washing steps required in the cellular uptake experimental procedure, and A549 cells were the least sensitive ones, cell-associated concentrations of ruthenium were determined in SW480 cells upon exposure to 1a−3a. The concentration of the compounds during exposure was chosen to correspond roughly to an average IC 50 in SW480 cells (10 μM). The results (Figure 9) show that 1a and 2a accumulate in concentrations of ∼5 fg/cell, while 3a accumulated much better (∼30 fg/cell). A comparison of these results with the cytotoxicity data shows that complex 1a is the least active (IC 50 > 80 μM), in line with the lowest accumulation. On the other hand, the most potent complex (2a, IC 50 = 7.0 μM) accumulates only to a slightly higher extent than 1a, whereas 3a, which accumulates to the highest degree in 2 h, is less cytotoxic than 2a after 96 h in the MTT assay (IC 50 = 17 μM).
In contrast to the case of the ruthenium compounds, determination of the cellular accumulation of the analogous osmium compounds led to implausible results: the measured concentration of Os obtained from cell-free adsorption blanks was higher than that from wells containing cells, resulting in apparently negative cellular accumulations. In order to rule out an unexpected impact of the polystyrene material, experiments with 1b were repeated using glass dishes. In addition, formation 
A549
SW480 CH1 1a >80 >80 20 ± 2 1b >80 48 ± 5 7.9 ± 0.9 2a 27 ± 3 7.0 ± 1.7 3.2 ± 0.3 2b 53 ± 9 2 8± 6 9.9 ± 2.1 3a 51 ± 2 1 7± 3 1.3 ± 0.5 3b >80 25 ± 2 3.1 ± 0.8 a 50% inhibitory concentrations (means ± standard deviations from at least three independent experiments), as obtained by the MTT assay using exposure times of 96 h. of volatile OsO 4 in the presence of oxidizing agents (such as nitric acid during cell lysis) was taken into consideration. Cells were lysed under basic conditions by tetramethylammonium hydroxide followed by acidification with hydrochloric acid. However, strongly fluctuating, partially negative values persisted in both studies, indicating an uncontrollable process rather than a systematic error. As reported in the literature, quantification of osmium by ICP-MS is problematic and error-prone. Osmium-containing samples are routinely digested under oxidizing conditions in tightly sealed vessels, and the resulting volatile OsO 4 is directly transferred to the ICP-MS. Hence, it is typically only applied for determination of isotopic ratios in geochronologic applications.
57−59
Anticancer Activity in Vivo. The anticancer efficacy of compound 2b in comparison to its ruthenium analogue 2a was investigated in the murine colon cancer model CT-26. As shown in Figure 10 , 2b displayed significant growth-inhibitory potential (P < 0.01 for both administration routes assessed by two-way ANOVA with Bonferroni post-test) not only when applied intraperitoneally but also when given orally. In contrast, 2a at equimolar concentrations had no anticancer activity in this mouse model ( Figure S4 , Supporting Information). 2a,b were both well tolerated, as can be seen from Figure S5 (Supporting Information), showing that the body weight remained almost unaffected during treatment.
To the best of our knowledge, there is only one other example of an osmium−arene complex with in vivo tumor growth-inhibitory properties. 60 This complex, [M(η 6 -pcymene)(azpy)I]PF 6 , where azpy is a chelating N,N-dimethyl-4-(pyridine-2-yldiazenyl)aniline ligand, was proven to be highly active in vitro, 61 and it retarded tumor growth after a singledose 40 mg/kg subcutaneous injection in a HCT116 human colorectal cancer xenograft model. However, in vivo data of its ruthenium congener 62 are not available. For the only other Ru/ Os−arene couple with in vivo data available, namely [M(η 6 -biphenyl)(κN,κN′-ethylenediamine)Cl]
+ , experiments in a MCa (murine mammary carcinoma) yielded reverse results. The ruthenium complex led to reduction of primary tumor volume and decreased lung metastasis formation, whereas the osmium congener did not show any activity. 63 For either of the complexes described in the literature, in vivo data for oral application are not available.
■ FINAL REMARKS
Six novel ruthenium− and osmium−arene complexes with indolo[3,2-c]quinoline-based ligands have been synthesized and characterized. These complexes contain an intact lactam unit, allowing for the first time the determination of its effect on antiproliferative activity. The complexes were tested in three different human cancer cell lines (A549, SW480, and CH1) and exhibited IC 50 values between 1.3 and >80 μM. Cellular accumulation studies revealed no direct correlation between cytotoxic activity and cellular accumulation in SW480 cells, as the most active compound 2a showed lower accumulation than 3a. 3a, the most active complex in CH1 cells, also showed the most pronounced effect on the cell cycle distribution in this cell line. In vivo experiments using a murine tumor model indicated a significant tumor growth inhibitory potential of the osmium compound 2b but not of its ruthenium counterpart, 2a. These findings will serve as a basis for further improvement and development of orally applicable anticancer drug candidates with indoloquinoline-based ligands, particularly as 2b showed distinct in vivo tumor growth inhibition both after intraperitoneal and oral application. Furthermore, these results clearly show the need for additional in-depth studies concerning the influence of the metal center in metallorganic drug research, as from comparison with the very limited data available, 60, 63 no trend can be inferred regarding the biological consequences of replacing ruthenium by osmium in an otherwise identical complex.
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